Introduction
============

The design and synthesis of nanoparticles that can detect and treat specific diseases have been concerns in both biotechnology and medicine fields. For the effective encapsulation and delivery of therapeutic drugs, various types of nanomaterials (such as polymeric micelles, liposomes, emulsions, and hydrogel nanoparticles) have been developed.[@b1-ijn-11-5621]--[@b9-ijn-11-5621] Nanoparticles facilitate the encapsulation of water-insoluble drugs and their controlled release into disease-specific target cells. In particular, self-assembled polymeric nanoparticles have been explored as smart drug delivery systems that can deliver anticancer drugs into specific tumor cells.[@b9-ijn-11-5621],[@b10-ijn-11-5621] Amphiphilic polymer chains can form self-assembled nanoparticles with a hydrophilic outer shell and a hydrophobic inner core in aqueous solution by the hydrophilic--hydrophobic balance. During the self-assembling process, hydrophobic anticancer drugs can be encapsulated into the hydrophobic core.[@b11-ijn-11-5621],[@b12-ijn-11-5621] Hydrogel polymer nanoparticles contain three-dimensional networks of chemically or physically cross-linked polymer chains.[@b11-ijn-11-5621],[@b13-ijn-11-5621] Due to the water-absorbing and swelling properties of hydrogel particles, various kinds of hydrophilic drugs and biomolecules can be easily loaded into the hydrogel nano-particles, in addition to the hydrophobic anticancer drugs. The loading and release of encapsulated drugs in hydrogel polymer nanoparticles can be controlled by various biological stimuli, pH, temperature, and light.[@b6-ijn-11-5621],[@b14-ijn-11-5621]--[@b19-ijn-11-5621]

For high therapeutic efficacy and minimal side effects, the anticancer drug delivery carrier should tightly retain the drug, efficiently reach the tumor, and then quickly enter the tumor cells and release the drug. After reaching tumor cells, drug delivery carriers are generally internalized by endocytosis and routed to endosomes and thereafter to acidic lysosomes. The encapsulated drug must quickly diffuse into the cytosol because the harsh environment of lysosomes can degrade drugs sensitive to acid or lysosomal enzymes. Nanoparticles or chemical linkers sensitive to the lysosomal acidic pH have been used to trigger drug release. Amine-containing hydrophobic polymers such as polyhistidine can also be protonated in acidic lysosomes, thereby releasing the drug. The polymers may additionally have endosomal membrane-disruptive activity induced by a "proton sponge" mechanism, resulting in disruption of the lysosomal membrane and release of drug into the cytosol. Poly(propylacrylic acid) has also been shown to disrupt endosomes at ≤pH 6.5, causing the cytosolic release of cargo molecules.[@b1-ijn-11-5621]--[@b4-ijn-11-5621]

In this study, we have developed a novel type of hydrogel particle, for the cytosolic delivery of antitumor drugs, by the electrostatic self-assembly of bioderived poly(γ-glutamic acid) (γ-PGA)-based polymeric nanoparticles with antitumor drugs. γ-PGA is a highly anionic polypeptide that is synthe-sized naturally by microbial species, most prominently by various bacilli, and has shown excellent biocompatibility and noncytotoxicity. γ-PGA can either be composed of repeating units of [l]{.smallcaps}-glutamic acid, [d]{.smallcaps}-glutamic acid, or both.[@b20-ijn-11-5621],[@b21-ijn-11-5621] γ-PGA polymer has attracted much interest as a promising biomaterial for a variety of applications, such as applications in medicine, cosmetics, and the food industry.[@b22-ijn-11-5621]--[@b26-ijn-11-5621] Cholesterol, which is an essential structural component of mammalian cell membranes, is a hydrophobic moiety that has also been used to form self-assembling nanoparticles.[@b20-ijn-11-5621],[@b24-ijn-11-5621] Because γ-PGA has a lot of carboxyl groups, hydrophobic moieties such as cholesterol can be conjugated (γ-PGA/Chol) and amphiphilic γ-PGA can be synthesized. In addition, the abundant carboxyl groups of γ-PGA can be deprotonated or protonated depending on the pH of the solution. Thus, due to the amphiphilic and pH-dependent properties of γ-PGA/Chol conjugates, they can be used as drug carriers that facilitate drug delivery within a specific pH range. Herein, biosynthetic γ-PGA was modified with cholesterol, which formed self-assembled polymer nanoparticles and showed negative character at neutral pH due to the deprotonated car-boxylate groups. In this study, we fabricated submicron-sized raspberry-like hydrogel particles (RBHPs) by combining an antitumor drug and 20 nm-sized γ-PGA/Chol nanoparticles. The hydrogel particles were formed by the electrostatic interaction between the cationically charged anticancer drug and the anionically charged nanoparticles ([Figure 1](#f1-ijn-11-5621){ref-type="fig"}). In the synthesis process, the nanoparticles acted as building blocks, and the antitumor drug molecules made bridges between the building blocks, serving as cross-linkers. Finally, we also investigated the intracellular delivery of RBHP(Dox) and release of the encapsulated anticancer drugs into the cytosol of cancer cells.

Materials and methods
=====================

Materials
---------

The γ-PGA (acid form, 50 kDa) was obtained from Bioleaders Corporation (Daejeon, Republic of Korea). Cholesteryl chloroformate, 1,1′-carbonylbis-1H-imidazole (CDI), and ethylenediamine (EDA) were purchased from Sigma-Aldrich Co (St Louis, MO, USA). Doxorubicin hydrochloride (Dox) was obtained from Boryung Pharmaceutical Co (Ansan, Republic of Korea).

Methods
-------

### Synthesis of cholesterol-NH~2~

Cholesterol amine was synthesized by conjugation of cholesterol to EDA, as previously described.[@b22-ijn-11-5621] Briefly, cholesteryl chloroformate (2.25 g, 5 mmol) in anhydrous toluene (50 mL) was slowly added to EDA (16.7 mL, 250 mmol) in anhydrous toluene (250 mL) at 0°C, and the solution was allowed to react at room temperature for 16 h. After the reaction, the mixture was washed with deionized water, dried over anhydrous magnesium sulfate, and evaporated by rotary evaporation. The white powder was co-dissolved in dichloromethane (50 mL) with methanol (50 mL). The solution was filtered to remove the biscarbamate by syringe filtration (1 μm, polytetrafluoroethylene). The filtrate was then evaporated by rotary evaporation to obtain the product, and proton nuclear magnetic resonance (^1^H-NMR) spectroscopy was used to characterize the product: ^1^H-NMR (deuterated chloroform \[CDCl~3~\]) δ 0.7, 1.0 (s, each 3H, Me), 0.9 (d, 6H, Me), 0.9 (d, 3H, Me), 1.0--1.7 (m, 23H, CH and NH), 1.8--2.1 (m, 5H), 2.2--2.4 (m, 2H), 2.8 (t, 2H, NH~2~CH~2~), 3.1 (q, 2H, NHCH~2~), 4.4--4.6 (m, 1H, OCH), 4.9--5.0 (m, 1H, NHCOO), and 5.3 (d, 1H, CHdC).

### Synthesis of γ-PGA/Chol conjugate

The γ-PGA/Chol conjugate was synthesized as follows. Briefly, both cholesterol-NH~2~ (46 mg, 0.097 mmol) dissolved in 10 mL of tetrahydrofuran (THF) and CDI (63 mg, 0.3876 mmol) were slowly added to γ-PGA (500 mg, 3.876 mmol) dissolved in 10 mL of dimethyl sulfoxide (DMSO) with stirring at 40°C for 18 h. After the reaction, the solution was cooled to room temperature and evaporated by rotary evaporation to remove the THF. And then, 100 mL of acetone was poured into the residue. After centrifugation, the precipitate was collected and dried at 40°C. The product was dissolved in deionized water, followed by the addition of NaHCO~3~ and stirring for 3 h at 40°C. Amberlite IR-120H beads were used for ion exchange treatment of the solution. After filtration with the Amberlite beads, the solution was dialyzed using a cellulose membrane tube (molecular weight cutoff \[MWCO\]: 12--14 kDa) in deionized water for 2 days. The solution was freeze-dried, and ^1^H-NMR spectroscopy was used to characterize the product: ^1^H-NMR (DMSO-d6) δ 0.8--1.5 (br, CH~3~, CH~2~, and CH of cholesterol), 1.7, 1.9 (br, β-CH~2~ of γ-PGA), 2.2 (br, γ-CH~2~ of γ-PGA), 3.0--3.1 (br, NHCH~2~), 4.1--4.3 (br, α-CH of γ-PGA), and 5.3 (d, CH=C).

### Preparation and characterization of hydrogel particles

The hydrogel particles composed of γ-PGA/Chol nano-particles and Dox were prepared via the following steps: 1) 10 mL of Dox solution (1 mg/mL in deionized water) was added to γ-PGA/Chol nanoparticles (100 mg) dissolved in 10 mL of deionized water. 2) The solution was stirred for 3 h, filtered using a 0.8 μm syringe filter, and freeze-dried. To quantify the concentration of encapsulated Dox in the hydrogel particles, 0.4 mL of 10% sodium dodecyl sulfate and 3 mL of DMSO were added to 0.6 mL of hydrogel particles (1 mg/mL in deionized water). The amount of Dox was quantitatively determined using an ultraviolet--visible (UV-vis) spectrophotometer at 498 nm. The size distribution and surface charge of the γ-PGA/Chol nanoparticles and the hydrogel particles containing both Dox and nanoparticles were measured by using dynamic light scattering (ELS-Z; Otsuka Electronics, Osaka, Japan). The morphology of the γ-PGA/Chol nanoparticles and the hydrogel particles containing both Dox and nanoparticles was observed by cryo-transmission electron microscopy.

### In vitro release test of hydrogel particles

To study the release of Dox from the hydrogel particles, 1 mL of hydrogel particles (1 mg/mL) was loaded into dialysis membrane tubes (MWCO: 12--14 kDa). The tubes were immersed in phosphate-buffered saline (PBS; pH 7.4) containing 0.5% (w/v) Tween 80 at 37°C. The dissolution medium (30 mL) was gently shaken at 50 rpm in a dark place. At specific times (1, 2, 3, 4, 6, 9, 12, 24, 48, and 72 h), the medium was replaced with fresh medium. The released amounts of Dox were determined using a UV-vis spectrophotometer at 498 nm.

### Cytotoxicity assay

HeLa cell (ATCC, Manassas, VA, USA) viability in the presence and absence of hydrogel particles was measured by the methyl tetrazolium salt (MTS) assay. HeLa cells were seeded at a density of 5×10^3^ per well (100 μL) in flat-bottomed 96-well plates (Corning Costar, Cambridge, MA, USA). The cells were next treated with 0.05, 0.1, 0.5, or 1 μg/mL hydrogel particles for 4 or 24 h. Untreated cells were used as controls. For the MTS assay, the CellTiter 96 AQueous One Solution kit (Promega, Madison, WI, USA) was used, following the manufacturer's protocols. Briefly, the MTS reagent was added (10 μL per well), and the plates were incubated for 4 h at 37°C. The absorbance was detected at 490 nm with a microplate reader (VersaMax™; Molecular Devices, Sunnyvale, CA, USA). All of the experiments were repeated three times independently.

### Evaluation of cellular uptake

To evaluate the intracellular delivery capacity of the hydrogel particles, HeLa cells were incubated with various concentrations of hydrogel particles (0.05, 0.1, 0.5, or 1 μg/mL) in a μ-slide 8-well microscopy chamber at a density of 2×10^4^ cells per well for 4 or 24 h at 37°C. The HeLa cells were then washed in cold PBS, fixed with 4% (w/v) paraformal-dehyde solution for 20 min at room temperature and stained with 2 μg/mL Hoechst 33342 (trihydrochloride trihydrate; Invitrogen Carlsbad, CA, USA) in PBS for 15 min. Fluorescence images were observed using a DeltaVision PD (Applied Precision Technologies, Issaquah, WA, USA) with a filter set (excitation: 555/25, emission: 605/52) (Omega Optical, Brattleboro, VT, USA).

### Flow cytometry analysis

For the fluorescence-activated cell sorting analysis, HeLa cells were seeded in 6-well plates at a density of 5×10^5^ cells per well in culture medium. The culture medium was removed, and various concentrations (from 0.05 to 1 μg/mL) of hydrogel particles were added to each well and incubated for 4 or 24 h. After incubation, all reagents were removed, and the cells were washed with PBS. After washing, the cells were trypsinized, and the supernatant was carefully removed. PBS was added to resuspend the cell pellet. The Dox fluorescence contained in the cells was analyzed using MACS^®^ (Miltenyi Biotec, Bergisch Gladbach, Germany). A minimum of 10,000 events were collected. The data were analyzed using a MACS Quant Analyzer (Miltenyi Biotec).

### Hemolysis assay

The membrane-disruptive activity of the hydrogel particles was measured using a hemolysis assay. Sheep red blood cells (RBCs) were stored at 4°C in Alsever's solution. Prior to use, the RBCs were washed three times with saline and resus-pended in saline at 2×10^8^ cells/mL. The hydrogel particles were dispersed at a concentration of 2 mg/mL in 50 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer (pH 5.0--7.5) containing 0.15 M NaCl. An equal volume of the hydrogel particle solution was then added to the RBC suspension (final concentrations: hydrogel particles, 1 mg/mL; RBCs, 1×10^8^ cells/mL in 25 mM MES, 0.15 M NaCl). The samples were incubated in an aluminum block bath at 37°C for 1 h and then centrifuged at 5,000× *g* for 5 min. To determine the hemolytic activity of the hydrogel particles, the absorbance of hemoglo-bin in the supernatant was measured with a microplate reader at 570 nm. To obtain 100% hemolysis, the RBCs (1×10^8^ cells/mL) were lysed with 0.2% Triton X in water.

Results and discussion
======================

Preparation and characterization of RBHPs
-----------------------------------------

[Figure 1](#f1-ijn-11-5621){ref-type="fig"} describes the synthesis of RBHPs by the electrostatic self-assembly of γ-PGA-based polymer nanoparticles with an anticancer drug. The submicron-sized RBHPs were formed by the electrostatic interaction between the cationically charged anticancer drug and the anionically charged γ-PGA/Chol nanoparticles. [Figure 2](#f2-ijn-11-5621){ref-type="fig"} shows the chemical synthetic strategy for the self-assembled γ-PGA/Chol nanoparticles based on the hydrophilic γ-PGA backbone and the hydrophobic cholesterol side chain. To conjugate the cholesterol group to the carboxyl group of γ-PGA, aminated cholesterol (cholesterol-NH~2~) was synthesized ([Figure 2A](#f2-ijn-11-5621){ref-type="fig"}). The methylene group of EDA (δ 3.1) and CH=C of cholesterol-NH~2~ (δ 5.3) were confirmed in ^1^H-NMR spectra, indicating that the degree of substitution of cholesterol-NH~2~ was approximately 96.2% ([Figure 2C](#f2-ijn-11-5621){ref-type="fig"}). γ-PGA conjugated with cholesterol (γ-PGA/Chol) was synthesized through the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide coupling reaction ([Figure 2B](#f2-ijn-11-5621){ref-type="fig"}). In the ^1^H-NMR spectra of the γ-PGA/Chol conjugate, the degree of cholesterol substitution was calculated between γ-CH~2~ of γ-PGA (δ 2.2) and CH=C of cholesterol amine (δ 5.3) ([Figure 2C](#f2-ijn-11-5621){ref-type="fig"}). The degree of cholesterol substitution in the γ-PGA/Chol conjugate was approximately 1.7 mol%. When the γ-PGA/Chol conjugate was dispersed in aqueous solution, it formed nanoparticles and exhibited a spherical shape, with an average diameter of 21.0±1.1 nm ([Figure 3A](#f3-ijn-11-5621){ref-type="fig"}, [Table 1](#t1-ijn-11-5621){ref-type="table"}). To encapsulate Dox, γ-PGA/Chol nanoparticles were mixed with Dox in aqueous solution. During the encapsulation process, the cationically charged Dox molecules could interact with the anionically charged carboxyl surface of the γ-PGA/Chol nanoparticles, ultimately forming submicron-sized RBHPs. The size of the resultant RBHPs was 444.9±122.5 nm ([Figure 3B](#f3-ijn-11-5621){ref-type="fig"}, [Table 1](#t1-ijn-11-5621){ref-type="table"}). The surface of the RBHPs showed a strong negative charge (−56.44 mV) due to the presence of the carboxyl group of γ-PGA within the shell of the nanoparticles. The loaded amount of Dox was \~63.9 μg/mg of RBHPs ([Table 1](#t1-ijn-11-5621){ref-type="table"}).

In vitro release of Dox from RBHPs
----------------------------------

[Figure 4](#f4-ijn-11-5621){ref-type="fig"} shows the in vitro release profiles of Dox released from RBHPs, as determined by a dialysis method in PBS (pH 7.4). The amount of Dox released was 20.38%±2.05% at 6 h, and the RBHPs continuously released 61.5%±1.5% of the loaded Dox over a period of 3 days. The RBHPs exhibited slow and sustained release patterns because of the diffusion of Dox from the hydrogel structure of the RBHPs. Because the γ-PGA/Chol nanoparticles contain a combination of carboxyl groups and hydrophobic cholesterol groups, the deprotonated carboxylate groups are partially protonated at the endosomal and lysosomal pH range. By the protonation of carboxylate groups, the electrostatic interaction between the γ-PGA/Chol and Dox became weak at the acidic pH and Dox could be released from the RBHPs. We could demonstrate this phenomenon from the result that Dox was released more quickly from the hydrogel particles at pH 5.5 than at pH 7.4.

Cellular uptake and endosome-disruptive properties of RBHPs
-----------------------------------------------------------

To investigate the cellular uptake and cytotoxic effect, various concentrations of RBHPs (containing 0.05--20 μg/mL Dox) were added to HeLa cells (a human cervical cancer cell line) for 4 or 24 h. The in vitro cellular uptake efficiency of the RBHPs was evaluated by fluorescence microscopy and flow cytometry ([Figure 5](#f5-ijn-11-5621){ref-type="fig"}). After 4 h, strong fluorescence of free Dox was observed in the cell nuclei, whereas a weak signal was observed in the cytoplasm, suggesting that most free Dox rapidly diffused into the cell nuclei ([Figure 5A](#f5-ijn-11-5621){ref-type="fig"}). In contrast, the fluorescence signal from Dox was observed in both the cytosol and nuclei at both 4 and 24 h when the HeLa cells were treated with RBHPs ([Figure 5](#f5-ijn-11-5621){ref-type="fig"}). These results indicated that Dox is being released from RBHPs intracellularly and is being diffused to the nucleus, where it acts in analogy to free Dox. Based on the flow cytometry results, the cellular uptake of Dox was slightly higher in the case of the RBHP-treated HeLa cells than in the case of free Dox ([Figure 5B](#f5-ijn-11-5621){ref-type="fig"}). But, the result was not statistically significant. To investigate the intracellular delivery of Dox into cytosolic compartments, we characterized the localization of RBHPs after entering HeLa cells. As shown in [Figure 6A](#f6-ijn-11-5621){ref-type="fig"}, red signals from Dox were observed throughout the cells, and the line profile and image analysis indicated that Dox (red, *λ*~em~ =605 nm) was located in the nucleus (part 1) and in the cytosolic compartments (part 2), whereas Dox was also colocalized to the lysosome (part 3, overlay of Dox \[red, *λ*~em~ =605 nm\] and LysoTracker^®^ \[blue, *λ*~em~ =455 nm\]). The experimental results suggest that Dox can be released from RBHPs in a controlled manner and can affect cells for a longer time than free Dox. To investigate the capacity of RBHPs for membrane disruption and Dox delivery into cytosolic compartments, we adopted a standard hemolysis assay. The pH-dependent membrane-destabilizing properties of the RBHPs and γ-PGA/Chol nanoparticles were evaluated using this standard hemolysis assay ([Figures 6B](#f6-ijn-11-5621){ref-type="fig"} and [S1](#SD1-ijn-11-5621){ref-type="supplementary-material"}). As shown in [Figure 6B](#f6-ijn-11-5621){ref-type="fig"}, hemolysis started at pH 6.5 and increased drastically at pH 6.0--5.5 (\~65%), whereas there was no hemolysis at pH 7.4. The RBHPs contained γ-PGA/Chol nanoparticles composed of hydrophilic deprotonated carboxyl groups and hydrophobic cholesterol groups. These nanoparticles formed a stable micelle-like structure due to the hydrophilic--hydrophobic balance at physiological pH (pH 7.4). However, the hydrophobic character increased due to both the increased number of protonated carboxyl groups in the shell and the intrinsically hydrophobic cholesterol core at endosomal and/or lysosomal pH ([Figure 7](#f7-ijn-11-5621){ref-type="fig"}). However, no hemolysis effect was observed when free γ-PGA polymers (with 50 kDa and 500 kDa) were used ([Figure 6B](#f6-ijn-11-5621){ref-type="fig"}). Upon this increase in hydrophobicity, the RBHPs containing the polymer nanoparticles easily interact with and penetrate cell membranes and destabilize them.

Cytotoxicity of RBHPs
---------------------

The cytotoxic effect of both free Dox and RBHPs was dependent on the concentration and duration of Dox treatment. The cytotoxic effect of RBHPs was similar to that of free Dox up to 4 h at all concentrations of Dox ([Figure 8A](#f8-ijn-11-5621){ref-type="fig"}). However, the cytotoxic effects of RBHPs were shown in a slower manner after 24 h of treatment, due to the sustained release of Dox from the RBHPs ([Figure 8B](#f8-ijn-11-5621){ref-type="fig"}). Taken together, the results suggest that RBHPs can be used as nanocarriers for cytosolic delivery of anticancer drugs due to their high intracellular delivery capacity and their controlled release of encapsulated Dox. Furthermore, if we consider the fact that a drug delivery carrier intended for clinical applications should use materials that are safe as pharmaceutical excipients, γ-PGA-based hydrogel particles would be referred to as a good candidate due to their excellent biocompatibility.

Conclusion
==========

We have developed RBHPs for the cytosolic delivery of anticancer drugs making use of the pH-dependent membrane-disrupting property of RBHPs. The RBHPs were formed by the electrostatic interaction between building blocks (ie, γ-PGA nanoparticles with a carboxylate surface) and cross-linkers (cationically charged anticancer drugs). The RBHPs showed controlled drug release behavior in both in vitro and ex vivo cell experiments, with a cytotoxic effect that was dependent on both the concentration and the duration of RBHP treatment. The cytosolic delivery capacity of the RBHPs was analyzed based on their pH-dependent membrane-disrupting character, which was evaluated using a standard hemolysis assay. In fact, we loaded drugs into hydrogel particles using the electrostatic interaction between positively charged Dox with negatively charged γ-PGA/Chol hydrogel nanoparticles. To expand the applicability of γ-PGA/Chol hydrogel nanoparticles as drug delivery carriers for various drugs that have different physical and chemical properties, the carboxylate group of γ-PGA can be modified with various chemical groups such as amine, thiol, and aldehyde moieties. In case of hydrophobic drugs, they can be encapsulated into the hydrophobic cholesterol part of the γ-PGA/Chol hydrogel nanoparticles. Based on the experimental results, RBHPs are expected to be used as controlled cytosolic delivery carriers after loading with other therapeutic drugs or active compounds.

Supplementary material
======================

###### 

Results of hemolysis with γ-PGA/Chol nanoparticles.

**Notes:** 1, PBS; 2, 0.2% Triton X; 3, γ-PGA; 4, γ-PGA/Chol nanoparticles.

**Abbreviations:** γ-PGA, poly(γ-glutamic acid); Chol, cholesterol; PBS, phosphate-buffered saline.
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![Scheme for the synthesis of RBHPs.\
**Notes:** γ-PGA was modified with cholesterol (γ-PGA/Chol), and the γ-PGA/Chol conjugate was used to form polymeric nanoparticles in aqueous solution. When the polymeric nanoparticles were mixed with Dox, RBHPs were formed by the electrostatic interaction between the cationically charged Dox and the anionically charged nanoparticles.\
**Abbreviations:** RBHPs, raspberry-like hydrogel particles; γ-PGA, poly(γ-glutamic acid); Chol, cholesterol; Dox, doxorubicin.](ijn-11-5621Fig1){#f1-ijn-11-5621}

![Chemical scheme for the synthesis of (**A**) Cholesterol-NH~2~ and (**B**) γ-PGA/cholesterol conjugates. (**C**) ^1^H-NMR spectra of synthesized materials. (**C**) Letters (a--f) in H-NMR spectra indicate peaks from hydrogens (H) in letters (a--f) located on the structure, respectively.\
**Abbreviations:** γ-PGA, poly(γ-glutamic acid); ^1^H-NMR, proton nuclear magnetic resonance; ppm, parts per million.](ijn-11-5621Fig2){#f2-ijn-11-5621}

![Cryo-TEM images and size distributions of (**A**) γ-PGA/Chol nanoparticles and (**B**) RBHPs.\
**Notes:** Scale bars represent 200 nm. Circled areas show γ-PGA/Chol nanoparticles (**A**) and RBHPs (**B**).\
**Abbreviations:** Cryo-TEM, cryo-transmission electron microscopy; γ-PGA, poly(γ-glutamic acid); Chol, cholesterol; RBHPs, raspberry-like hydrogel particles.](ijn-11-5621Fig3){#f3-ijn-11-5621}

![In vitro release profile of free Dox in PBS and Dox from RBHPs at pH 5.5 and pH 7.4.\
**Notes:** The release of Dox was determined by a dialysis method. Error bars were expressed using standard deviation from measures of 3 repetition (n=3).\
**Abbreviations:** Dox, doxorubicin; PBS, phosphate-buffered saline; RBHPs, raspberry-like hydrogel particles.](ijn-11-5621Fig4){#f4-ijn-11-5621}

![In vitro cellular uptake studies of Dox in HeLa cells.\
**Notes:** Dox solution and RBHPs were incubated for (**A**) 4 h and (**B**) 24 h. Cellular uptake and distribution of Dox were examined by fluorescence microscopy. Cell nuclei were stained by DAPI (blue) and red color indicates Dox. Exposure time for each experiment was varied to maximize the difference between free Dox and RBHP(Dox) (scale bars =30 μm). (**A**) Exposure time was 0.15 s for DAPI signal and 1 s for Dox signal. (**B**) Exposure time was 0.15 s for DAPI signal and 0.25 s for Dox signal.\
**Abbreviations:** h, hours; Dox, doxorubicin; RBHPs, raspberry-like hydrogel particles; DAPI, 4′,6-diamidino-2-phenylindole; RBHP(Dox), Dox encapsulated in RBHP; FI, fluorescence intensity.](ijn-11-5621Fig5){#f5-ijn-11-5621}

![pH-dependent membrane disruption and cytosolic delivery capacity of RBHPs.\
**Notes:** (**A**) Localization of Dox at 4 h after intracellular delivery of RBHPs: some Dox (red, *λ*~em~ =605 nm) is located in the nucleus (part 1) and cytosolic compartments (part 2), whereas other Dox moieties are co-localized in the lysosome (part 3, overlay of doxorubicin \[red, *λ*~em~=605 nm\] and LysoTracker^®^ \[blue, *λ*~em~=455 nm\]). (**B**) Hemolysis results (column 1: PBS; column 2: 0.2% Triton X; column 3: 50 kDa γ-PGA; column 4: 500 kDa γ-PGA; column 5: RBHPs). Left panel is representative image of hemolysis results. Right panel is relative value for hemolysis after treatment of RBHPs (absorbance of hemoglobin in the supernatant from 0.2% Triton X experimental group was 100% and error bars were expressed as mean ± standard deviation values from n=3).\
**Abbreviations:** h, hours; Dox, doxorubicin; RBHPs, raspberry-like hydrogel particles; PBS, phosphate-buffered saline; γ-PGA, poly(γ-glutamic acid).](ijn-11-5621Fig6){#f6-ijn-11-5621}

![Scheme for the cytosolic delivery of RBHPs formed by the self-assembling polymeric nanoparticles and antitumor drugs.\
**Note:** Due to the increased hydrophobicity of RBHPs at lysosomal acidic pH, RBHPs can easily interact, penetrate, and destabilize cell membranes, as well as release encapsulated drugs.\
**Abbreviations:** RBHPs, raspberry-like hydrogel particles; γ-PGA, poly(γ-glutamic acid); Chol, cholesterol.](ijn-11-5621Fig7){#f7-ijn-11-5621}

![Cytotoxicity of free Dox and RBHP(Dox) at (**A**) 4 h and (**B**) 24 h.\
**Note:** HeLa cell viability was measured by the MTS assay.\
**Abbreviations:** h, hours; Dox, doxorubicin; RBHPs, raspberry-like hydrogel particles; MTS, methyl tetrazolium salt; RBHP(Dox), Dox encapsulated in RBHP.](ijn-11-5621Fig8){#f8-ijn-11-5621}

###### 

Physicochemical properties of γ-PGA/Chol nanoparticles and RBHPs (Dox-loaded γ-PGA/Chol nanoparticles)

  Composition                Average diameter ± SD (nm)[a](#tfn2-ijn-11-5621){ref-type="table-fn"}   Zeta-potential (mV)[b](#tfn3-ijn-11-5621){ref-type="table-fn"}   Loading amount (μg/mg)[c](#tfn4-ijn-11-5621){ref-type="table-fn"}
  -------------------------- ----------------------------------------------------------------------- ---------------------------------------------------------------- -------------------------------------------------------------------
  γ-PGA/Chol nanoparticles   21.0±1.1                                                                −65.35                                                           --
  RBHPs                      444.9±122.5                                                             −56.44                                                           63.9

**Notes:** The values were determined by

DLS,

ELS, and

UV-vis spectrometry at *λ*~max~ 498 nm. SD value was calculated in DLS equipment process from measures of 100 times.

**Abbreviations:** γ-PGA, poly(γ-glutamic acid); Chol, cholesterol; DLS, dynamic light scattering; Dox, doxorubicin; ELS, electrophoretic light scattering; RBHPs, raspberry-like hydrogel particles; SD, standard deviation; UV-vis, ultraviolet--visible.

[^1]: These authors contributed equally to this work
